Abstract. We investigate tunneling decay of false vortices in the presence of gravity, in which vortices are trapped in the false vacuum of a theory of scalar electrodynamics in three dimensions. The core of the vortex contains magnetic flux in the true vacuum, while outside the vortex is the appropriate topologically nontrivial false vacuum. We numerically obtain vortex solutions which are classically stable; however, they could decay via tunneling. To show this phenomenon, we construct the proper junction conditions in curved spacetime. We find that the tunneling exponent for the vortices is half that for Coleman-de Luccia bubbles and discuss possible future applications.
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Brief summary of the talk
Gauged vortices are topological soliton solutions in the theory of a complex scalar field φ with U(1) symmetry in three spacetime dimensions. For standard vortices, the potential is minimized for a nonzero value of |φ|, so the vacuum manifold is a circle, as is spatial infinity. In a finite-energy field configuration, the field φ must tend towards a vacuum value at spatial infinity and gauge field is necessary. The phase of the field φ changes by 2πn, where the integer n is the winding number of the configuration representing topologically distinct classes. The energy of the vortex solution consists of three parts as follows: The contribution from the magnetic flux stabilizes the configuration against collapse, while the contribution from the potential stabilizes the configuration against expansion. The covariant derivative of the scalar field also contributes an energy as a linear function of the radius. The profile of the scalar field can sometimes be flat inside and outside a thin transition region between these two values; we call such configurations thin-wall vortices. In this case, an approximate analytical treatment known as the thin-wall approximation can be used. In such a model in four spacetime dimensions, the soliton becomes an one-dimensional topological defect [1, 2] . The configuration can be infinite or form a closed loop. In the cosmological context they could appear as cosmic strings [3, 4] , possibly playing a role in structure formation or having other observable effects [5, 6] .
In earlier work [7] , we studied the decay of vortices trapped in the symmetry-breaking false vacuum, in which the scalar field interpolates between a true vacuum state at the origin and a false vacuum state at spatial infinity. We chose the vacuum energy in the symmetry-restoring true vacuum to be negative, while that in the false vacuum vanishes. We obtained the numerical solutions representing both thick and thin vortices as shown in Figure 1 . Thin-wall vortices require a large winding number and a small difference, ε, between the false and true vacuum energies. For thin-wall vortices, if the false vacuum contains a metastable vortex solution instead of the homogeneous configuration at the initial moment, the vortex was classically stable at a given radius. However, through quantum tunneling, the vortex could become a larger one and expand leaving behind it the symmetric true vacuum. It is possible that conventional vacuum decay proceeds by tunneling and is exponentially suppressed, while vortex tunneling is unsuppressed or is only slightly suppressed. In this case, the presence of vortices in the universe would catalyze vacuum decay. This occurs as one approaches the dissociation limit, in which the tunneling barrier between a classically stable vortex and an unstable, expanding vortex shrinks away. Thus, there is a range of parameter space for which vortices are classically stable but trigger the decay of the false vacuum in an essentially unsuppressed manner.
As extension of the work [8] , we studied the decay of cosmic strings that are trapped in the false vacuum in a theory of scalar electrodynamics in four spacetime dimensions. We restricted our analysis to the case of thin-walled cosmic strings which occur when large magnetic flux is trapped inside the string. Thus the string looks like a tube of fixed radius, at which it is classically stable. The core of the string contains magnetic flux in the true vacuum, while outside the string, separated by a thin wall, is the false vacuum. The string decays by tunneling to a configuration which is represented by a bulge as shown in Figure 2 , where the region of true vacuum within is ostensibly enlarged. The bulge can be described as the meeting of a kink soliton-antisoliton pair along the length of the string. It can be described as a bulge appearing in the initial string, starting from one of small, classically stable radius, expanding to a fat string of large, classically unstable (to expansion) radius and then returning back to one of small radius along its length. This configuration is the bounce point of a corresponding O(2)-symmetric instanton, which we can determine numerically. Once the bulge appears it expands rapidly in real time. The paired soliton and antisoliton recede from each other along the length of the string with a velocity that quickly approaches the speed of light, leaving behind a fat tube. At the same time the radius of the fat tube that is being formed expands (transversely) as it is no longer classically stable, converting false vacuum to the true vacuum with ever-diluting magnetic field within. The rate of this expansion is determined by the energy difference between the true vacuum and the false vacuum. Our analysis could be applied to a network of cosmic strings formed in the very early Universe or vortex lines in a superheated superconductor.
In the present work [9] , we are studying the effect of vortices on the tunneling decay of a symmetry-breaking false vacuum in three spacetime dimensions with gravity. We derive the equations of motion for the gauge, scalar field, and metric functions and impose the appropriate boundary conditions to get the finite energy configuration. We present numerical solutions for both thick-and thin-wall vortices. The numerical solutions have inside true vacuum state and the magnetic flux with the wall in the presence of gravity. By varying the difference between the false and true vacuum states, we investigate how the existence of the solution can be affected by the strength of κ = 8πG. The existence of static vortex solutions with gravity is established. After that, we investigate more closely the metastability of thin-wall vortices. For this purpose, we employ the Israel junction conditions [10] to understand if the vortex can tunnel through a certain potential barrier and expand dynamically. In the framework of junction conditions, the wall is considered to be a surface layer in the sense that a nonvanishing surface energy density σ exists. This implies a modification of the spacetime. The exterior spacetime with a vortex confined within a finite radius is locally Minkowski with a conical defect [11] . The conical defect is the analog of the Schwarzschild mass parameter that is familiar in the 3 + 1 dimensional context. Figure 3 shows the causal structure of thin-wall vortices, in which the yellow region is inside the wall and the green region is outside the wall. Left: as the vortex tunnels toward a collapsing phase, it becomes a timelike cusp (that behaves like a massive particle) which is located at r = 0. Right: as the vortex tunnels toward an expanding phase, the radius increases to infinity. We are interested in the right case.
If the scalar field is in a metastable vacuum state, the tunneling process from the false vacuum state to the true vacuum state can occur via potential barrier penetration, which is the nucleation process of a vacuum bubble [12, 13] . In the semiclassical approximation, the decay rate of the metastable vacuum state per unit time per unit volume is given by
where the coefficient A comes from the determinant arising in the saddle-point evaluation of the path integral and the exponent B is the difference between the Euclidean action of the bounce solution and the action of the background solution, i.e. B = S E bounce − S E bckg . The determinant factor must exclude the integration over the zero modes. The Coleman-de Luccia (CdL) bounce has translation invariance in all direction, giving three zero modes. The vortex only has time translation invariance, giving one zero mode. The position of the vortex is fixed once and for all. These modes are removed. Instead, the corresponding degrees of freedom (either the center of the vacuum bounce in spacetime or the center of the vortex bounce in time) are integrated over. We are interested in finding the exponent B.
In the presence of a vortex, a similar process exists. As can be deduced in the collective coordinate approximation suggested in [9] , quantum fluctuations of the vortex radius can also lead to a phase transition. In this case, the relevant instanton describes the expansion of the wall. To understand the cosmological relevance of the vortex, we compare the false vacuum lifetime in presence and absence of a vortex.
For the decay probability, we can consider a variety of decay channels, i.e. CdL bounce, oscillating bounce, Hawking-Moss instanton, tunneling vortices, etc. The remarkable thing about the decay probability is that the channel for the tunneling vortex can be more dominant than that for the CdL bounce. Computations in the thin-wall limit have shown that the false vortex's contribution to metastability remains dominant, and more so as ε → 0 limit. Another effect is the suppression of tunneling when the vacuum energy density reaches a limiting value, ε → ε c . This critical value is increased as gravity is turned on, but only very slightly for reasonable values of κ. In this respect, this is another minor way in which gravity stabilizes solutions of this model.
The extension to the decay of the string with gravity could be interesting. We postpone to discuss this issue in future works.
